Background: TSPO has been proposed to be a critical regulator of the permeability transition pore (PTP). Results: TSPO-null mitochondria and cardiac tissue show no difference from controls in pore function, response to ligands, or response to ischemia/reperfusion injury. Conclusion: Regulation of the PTP by the outer membrane must rely on unknown proteins. Significance: Our results call into question studies implicating TSPO in pathological processes through the PTP.
Translocator protein of 18 kDa (TSPO) is a highly conserved, ubiquitous protein localized in the outer mitochondrial membrane, where it is thought to play a key role in the mitochondrial transport of cholesterol, a key step in the generation of steroid hormones. However, it was first characterized as the peripheral benzodiazepine receptor because it appears to be responsible for high affinity binding of a number of benzodiazepines to nonneuronal tissues. Ensuing studies have employed natural and synthetic ligands to assess the role of TSPO function in a number of natural and pathological circumstances. Largely through the use of these compounds and biochemical associations, TSPO has been proposed to play a role in the mitochondrial permeability transition pore (PTP), which has been associated with cell death in many human pathological conditions. Here, we critically assess the role of TSPO in the function of the PTP through the generation of mice in which the Tspo gene has been conditionally eliminated. Our results show that 1) TSPO plays no role in the regulation or structure of the PTP, 2) endogenous and synthetic ligands of TSPO do not regulate PTP activity through TSPO, 3) outer mitochondrial membrane regulation of PTP activity occurs though a mechanism that does not require TSPO, and 4) hearts lacking TSPO are as sensitive to ischemiareperfusion injury as hearts from control mice. These results call into question a wide variety of studies implicating TSPO in a number of pathological processes through its actions on the PTP.
Translocator protein of 18 kDa (TSPO 3 ; previously called peripheral benzodiazepine receptor) is a well conserved, ubiquitous protein primarily localized in the outer mitochondrial membrane (OMM). Structural analysis has suggested that it consists of five transmembrane ␣ helices forming a channellike structure that may accommodate the import of lipophilic molecules into mitochondria (1) . The C-terminal, cytosolic domain of TSPO contains a high affinity cholesterol recognition sequence, and TSPO has been suggested to play an important role in facilitating the transport of cholesterol from the OMM to the inner mitochondrial membrane (IMM) (2, 3) . Mitochondrial transport of cholesterol is necessary for its metabolization to pregnenolone (the precursor of all steroid hormones and the rate-limiting step in steroidogenesis) via the activity of cytochrome P450 cholesterol side chain cleavage enzyme (4) . TSPO is particularly abundant in cells and tissues where active steroidogenesis takes place (adrenals, gonads, and brain), and its role in steroidogenesis has been extensively investigated (2, 4) . TSPO gene disruption in Leydig cells suppressed intramitochondrial cholesterol transport and steroid production, whereas overexpression of exogenous TSPO in cells devoid of the protein induced cholesterol uptake and transport (5) . A second isoform of TSPO (TSPO2) has also been identified that is exclusively localized in the endoplasmic reticulum (6) . The role of TSPO in steroidogenesis has been unexpectedly challenged by conditional elimination of TSPO in Leydig cells in mice, which was not followed by the expected effects on synthesis of steroid hormones (7) .
The identification of TSPO was through its ability to bind benzodiazepines, leading to its initial characterization as the peripheral benzodiazepine receptor (8) located to mitochondria (9) . Natural and synthetic ligands of TSPO have been identified and developed (10) , and these compounds have been used extensively to characterize TSPO function both in vitro and in vivo. Endogenous ligands include cholesterol and porphyrins (protoporphyrin (PP) IX, mesoporphyrin IX, deuteroporphyrin (DP) IX, and hemin), whereas synthetic ligands classically include 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)isoquinoline-3-carboxamide (PK11195) and 4-chlorodiazepam (Ro5-4864) (8, 10, 11) . Both endogenous and synthetic ligands exhibit nanomolar affinity for TSPO when tested in vitro, but the former bind exclusively TSPO across all species and show high levels of stereoselectivity, whereas binding of the latter differs between species (12) . The distinctive properties of the two sets of ligands suggest that their binding sites are not identical. For example, although cholesterol clearly binds to the C terminus of TSPO (13, 14) , all other ligands (and presumably porphyrins) are thought to bind near the N terminus (15) .
TSPO has been proposed to play a role in the mitochondrial permeability transition (PT) (16 -21) , a sudden permeability increase in ions and solutes up to roughly 1500 Da of the otherwise impermeable IMM (22) . The prevailing view is that the PT is due to opening of a regulated, high conductance IMM channel (23) (24) (25) , the mitochondrial PT pore (PTP) (26, 27) . A great deal is now understood about the regulation of the PTP, whose opening requires the presence of matrix Ca 2ϩ , which is an essential permissive factor, and of additional agents or conditions that are collectively termed "inducers" (28) . Under the conditions used in most in vitro studies, opening of the PTP is accompanied by depolarization, Ca 2ϩ efflux, depletion of matrix pyridine nucleotides, matrix swelling, cristae unfolding, OMM rupture, and release of intermembrane space (IMS) proteins, including cytochrome c, Smac/Diablo, and AIF (27) . Consequently, persistent opening of the PTP has been associated with the cell death associated with many human pathological conditions (27) . It has also been demonstrated that transient PTP openings without detrimental consequences on cell survival can occur both in isolated mitochondria and in situ in response to physiological signals (29 -35) (see Ref. 36 for a recent review).
Although convincing insights into the molecular composition of the PTP have been obtained only recently (37, 38) , previous biochemical attempts to define core constituents of the pore resulted in the persistent hypothesis that key molecular constituents include the voltage-dependent anion channel (VDAC) in the OMM, the adenine nucleotide translocase (ANT) in the IMM, and the regulatory protein cyclophilin D (CyPD) in the matrix (39) . TSPO has been included in such models of the PTP because it can be co-purified with the putative pore components, VDAC and ANT (40) . Involvement of TSPO in the "PTP pore complex" was also tested following treatment of mitochondria and cells with both endogenous and synthetic TSPO ligands. These studies suggested that TSPO ligands, such as PK11195, Ro5-4864, and PP IX, affect PTP opening, although the potency depended on the experimental setting and on the concentration used (varying from nanomolar to micromolar and in some cases switching from inhibition to activation) (16, 18, 19, 41) . In addition, PK11195 was originally classified as an antagonist of TSPO, and Ro5-4864 was classified as an agonist (8), yet both activate or inhibit PTP in the same cell type, depending on the ligand concentration (17, 18, 42) . The role of TSPO in PTP function was further muddled by the demonstration that the same compounds could inhibit PTP and/or protect cells from apoptosis and that individual TSPO ligands can have the opposite effect on the same cell. For example, Ro5-4864 and PK11195 can either stimulate or inhibit apoptosis, respectively, with the addition of Ro5-4864 overcoming the antiapoptotic effect of PK11195 (43, 44) .
Genetic analysis has demonstrated conclusively that the PTP still functions in the absence of all genes encoding ANT (45) or VDAC (46, 47) , discounting these proteins as mediating structural roles in the formation of the PTP. Furthermore, these studies have also clearly demonstrated that CyPD is a key regulator of the PTP and the target of the PTP-inhibitory action of cyclosporin A (CsA) but not an essential component of the pore (48 -51) . Similar genetic studies directed at testing the role of TSPO in PTP formation have not been possible to date because non-conditional elimination of TSPO expression results in embryonic lethality (52) . Here, we report on the generation of mice in which the Tspo gene has been conditionally eliminated in the liver and heart, allowing us to test whether TSPO participates in PTP formation and whether it plays a role in the regulatory effects of the OMM on the PTP (53-57).
EXPERIMENTAL PROCEDURES
Reagents-PP IX, DP IX, and hematoporphyrin (HP) IX were obtained from Frontier Scientific (Logan, UT), and stock solutions were prepared in dimethyl sulfoxide. Cationic monobromobimane (MBM ϩ ) was from Calbiochem. CsA, PK11195, Ro5-4864, N-Ethylmaleimide, digitonin, phenylarsine oxide (PhAsO), arachidonic acid oligonucleotides and all generic reagents were from Sigma-Aldrich. Copper-o-phenanthroline (Cu(OP) 2 ) was prepared immediately before use by mixing CuSO 4 with o-phenanthroline at a molar ratio of 1:2 in bidistilled water. Calcium Green-5N was from Invitrogen. [ 3 H]PK11195 (85.7 Ci/mmol) and Ultima Gold scintillation mixture were from PerkinElmer Life Sciences. Genomic mouse DNA was isolated with the DNeasy blood and tissue kit (Qiagen). 2ϫ Phusion HF master mix (Thermo Scientific) was used for PCR. Nitrocellulose membrane was from GE Healthcare, and the enhanced chemiluminescence kit was from Millipore.
Generation of Tspo loxP Mice-Mice in which the endogenous gene encoding TSPO was replaced with a gene containing loxP sites is outlined under "Results" and in Fig. 1A . Five candidate ES cell lines carrying the Tspo loxPneo construct were identified, injected into C57Bl/6J (C57) MF-1 blastocysts (an albino variant of black C57), and evaluated for the ability to generate chimeric offspring. Of the five ES cell lines identified, two were able to successfully generate chimeric offspring (Ն95% black).
Male chimeras were subsequently mated with C57 female mice and all offspring evaluated for germ line transmission. Several of the males from two targeted ES cell lines were able to pass the modified Tspo gene to progeny. F1 heterozygotes carrying the targeted allele were mated to mice expressing the FLP1 recombinase from yeast driven by the Gt(ROSA)26Sor promoter (Jackson Laboratory stock number 009086). To generate TSPO-null livers, Cre recombinase was driven by the hepatocyte-specific albumin (Alb) promoter (Jackson Laboratory stock number 003574). To generate TSPO-null hearts, Tspo loxP mice were crossed to mice in which the cardiac-specific ␣ myosin heavy chain promoter directs expression of a tamoxifeninducible Cre recombinase in juvenile and adult cardiac myocytes (Myh6Cre/Esr1; Jackson Laboratory stock number 005657) (58) . Genotyping was performed by PCR using the set of primers shown in Fig. 1A , primers targeting the Cre recombinase, or, when necessary, standard Southern blotting. Tspo loxP mice described here are now available from Jackson Laboratory as stock number 024976.
Isolation of Mitochondria and Preparation of Mitoplasts-TSPO-null and control mouse liver mitochondria were prepared from mice between 2 and 6 months old by standard differential centrifugation. Livers were removed and placed in a glass beaker containing ice-cold 0.25 M sucrose, 10 mM Tris-HCl, 0.1 mM EGTA-Tris, pH 7.4, buffer (isolation buffer; IB) supplemented with bovine serum albumin. Livers were then cut into small pieces with scissors, rinsed with ice-cold IB, and passed through a prechilled Potter homogenizer with Teflon pestle. The homogenate (ϳ60 ml/liver) was transferred to centrifuge tubes, and unbroken cells and nuclei were removed by centrifugation at 685 ϫ g for 10 min at 4°C. The supernatant containing mitochondria and other organelles was transferred to new tubes and centrifuged at 6010 ϫ g for 10 min at 4°C. The resulting supernatant was discarded, and mitochondrial pellet was carefully suspended in ice-cold IB buffer and spun at 9390 ϫ g for 5 min at 4°C. The mitochondrial pellet was suspended in IB to give a protein concentration of about 60 -80 mg/ml and stored on ice. Mitoplasts were prepared essentially as described previously (56) . Briefly, mitochondria were suspended in IB at 20 mg/ml, supplemented with 1.5 mM digitonin, and incubated under gentle stirring at 4°C for 20 min. The suspension was centrifuged at 10,000 ϫ g for 5 min and washed once with IB, and the resulting pellet was resuspended in the same buffer. Protein concentration was determined by the Biuret method.
Western Blotting-Mitochondrial proteins were solubilized in SDS-PAGE loading buffer (2% SDS, 50 mM Tris-HCl, pH 6.8, 10% glycerol, 2.5% ␤-mercaptoethanol, 0.002% bromphenol blue), boiled for 5 min, and separated by 15% SDS-PAGE. The proteins were then electrophoretically transferred to nitrocellulose membranes using a Mini Trans-Blot system (Bio-Rad). To minimize the nonspecific binding, the membranes were blocked with 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.01% Tween 20 (TBST) buffer containing 5% nonfat dry milk at room temperature for 1 h, followed by an overnight incubation with an anti-TSPO (a generous gift of Dr. V. Papadopoulos), monoclonal anti-ANT (MitoSciences), anti-VDAC (a generous gift of F. Thinnes), anti-CypD (Calbiochem), anti-ATPB (ATPase subunit ␤; Abcam), anti-Ndufs1 (Complex I; Abcam), and polyclonal anti-SLC25A3 (phosphate carrier, PiC; Abcam) antibodies. The membrane was then washed in TBST and subjected to 1 h of incubation with appropriate secondary antibody conjugated to horseradish peroxidase. The membrane was washed again in TBST buffer, and immunoreactive bands were detected by enhanced chemiluminescence.
Radioligand Binding Assay-The presence of the TSPO in mitochondrial membranes was assayed by the use of [ 3 H]PK11195 (85.7 Ci/mmol). Liver mitochondria were isolated as outlined above, and mitochondrial protein was adjusted to 0.1 mg/ml in Tris buffer (50 mM Tris-HCl, pH 7.4, 4°C) to a final assay volume of 200 l. The suspensions were incubated with 0.05-9.6 nM radioligand or 10 M PK11195 (for background correction) for 60 min at 4°C. Assays were terminated by rapid vacuum filtration though Whatman GF/C glass microfiber filters. The filters were immediately washed first with 1 ml of 10 M PK11195 in Tris buffer and then with an additional 15 ml of ice-cold 50 mM Tris-HCl, pH 7.4. Subsequently, the membranes were dried, placed in 5 ml of Ultima gold liquid scintillation counting mixture, vortexed, and assayed for 3 H using a Packard Tri-Carb 1500 liquid scintillation analyzer.
Measurement of Mitochondrial Respiration-Mitochondrial oxygen consumption was assessed with the Seahorse Extracellular Flux Analyzer XF24 essentially as described previously (59) . Briefly, mitochondrial assay solution contained 220 mM mannitol, 70 mM sucrose, 25 mM MOPS-Tris, 10 mM P i -Tris, 5 mM MgCl 2 , 1 mM EGTA-Tris, 0.2% fatty acid-free BSA, and 5 mM glutamate plus 2.5 mM malate or 5 mM succinate and 2 M rotenone, pH 7.4, as specified in the legend to Fig. 2 . 10 g of mitochondria (suspended in 50 l of mitochondrial assay solution) per well were added to an XF24 cell culture microplate, centrifuged at 2000 ϫ g for 20 min, and supplemented with 450 l of mitochondrial assay solution to initiate the experiments.
Mitochondrial Membrane Potential, Porphyrin Accumulation, and Photosensitization-Mitochondrial inner membrane potential (⌬) was assessed with the potentiometric fluorescent probe rhodamine 123 (Rh123), a lipophilic cation that readily equilibrates across the IMM and accumulates in the matrix of energized mitochondria in response to the inside negative ⌬. The probe concentrates in the matrix, forming aggregates that cause a process of fluorescence quenching. 300 nM Rh123 and 1 M rotenone were added to 2 ml of assay buffer (AB) containing 250 mM sucrose, 10 mM MOPS-Tris, 10 M EGTA-Tris, and 1 mM P i -Tris, pH 7.4, followed by the addition of 0.5 mg/ml mitochondria, 5 mM succinate, and 0.5 M FCCP. Rh123 fluorescence intensity changes ( ex ϭ 503 nm, em ϭ 523 nm) were monitored with a PerkinElmer Life Sciences LS50 spectrofluorimeter. To measure porphyrin accumulation, mitochondria (0.5 mg/ml) were suspended in AB medium supplemented with 5 mM succinate plus 1 M rotenone, and PP IX, DP IX, and HP IX at different concentrations were added under gentle stirring at room temperature. After 5 min, the suspensions were centrifuged at 10,000 ϫ g for 1 min, and porphyrin concentrations were determined fluorimetrically by calibration plots after extraction of supernatants and pellets with 2% SDS ( ex ϭ 505 nm, em ϭ 632 nm; ex ϭ 498 nm, em ϭ 618 nm; and ex ϭ 500 nm, em ϭ 620 nm for PP IX, DP IX, and HP IX, respectively).
Porphyrin-mediated photosensitization of mitochondria was achieved as described previously (55) . Briefly, preparations were incubated for 1-2 min in the dark with the desired concentration of porphyrin in AB medium supplemented with 5 mM succinate plus 1 M rotenone and then irradiated at 365 nm in a thermostated glass reaction vessel with a Philips HPW 125watt lamp (Philips, Eindhoven, Netherlands). The fluence rate at the level of the preparations (56 watts/m 2 ) was measured with a calibrated quantum photo-radiometer (Delta OHM HD 9021). All irradiations were performed at 25°C under magnetic stirring. Proper controls were carried out to verify that neither incubation with the photosensitizer in the dark nor illumination in the absence of porphyrin produced any appreciable changes in the parameters under study. Statistical analysis of the results shown in Fig. 6 was based on relative z scores as outlined by Pocock (60) .
Assessment of PTP Activity-PTP activity in mitochondrial samples was evaluated by two methods. First, the Ca 2ϩ retention capacity (CRC) was determined using Calcium Green-5N ( ex ϭ 505 nm, em ϭ 535 nm), a low affinity membrane-impermeant probe that increases its fluorescence emission upon Ca 2ϩ binding. Mitochondria (0.5 mg/ml) were suspended in AB that also contained 0.5 M Calcium Green-5N and respiratory substrate as specified in the figure legends; the suspension was subjected to trains of Ca 2ϩ pulses, and fluorescence was measured either with the PerkinElmer LS50 spectrofluorimeter (final volume 2 ml) or (for the experiments of Fig. 4 ) with a Fluoroskan Ascent FL (Thermo Electron) plate reader. Second, the mitochondrial volume changes were followed as the decrease in light scattered at 540 nm with 0.5 mg/ml mitochondria suspended in AB supplemented with 5 mM succinate plus 1 M rotenone. Permeabilization rates were calculated as the rate of change of light scattering immediately after the addition of Ca 2ϩ . All experiments were performed at 25°C under magnetic stirring.
Assessment of Cardiac Injury Due to Postischemic Reperfusion-Hearts were isolated from 1) untreated Tspo loxP , 2) untreated Myh6Cre/Esr1;Tspo loxP , 3) Tspo loxP , and 4) Myh6Cre/Esr1; Tspo loxP treated with tamoxifen (daily intraperitoneal injection of 40 mg/kg for 5 days). Mice were sacrificed 3 days after the last tamoxifen injection, and the ischemia/reperfusion (I/R) protocol and viability assay were performed as described (61) . Briefly, isolated hearts were perfused under conditions of no-flow ischemia for 40 min, followed by the restoration of coronary flow (postischemic reperfusion) for 15 min. Loss of tissue viability was assessed as the release of lactic dehydrogenase (LDH) in the coronary effluent collected at 1-min intervals during the 15 min of reperfusion as described (61) . At the end of reperfusion, hearts were collected and homogenized for assessing the residual activity of LDH in the whole tissue. Because all values were normalized to heart weight, the amount of LDH released was expressed as a percentage of the total (i.e. effluent ϩ homogenate) to rule out possible changes due to variations in heart size (62) . Results are presented as means Ϯ S.E. of six experiments. Statistical analysis was performed utilizing the unpaired Student's t test.
RESULTS

Generation of Tspo loxP Mice and TSPO-null
Livers-TSPO is encoded by a mouse nuclear gene (Tspo) located on chromosome 15 that spans four exons (exon 1 is a non-translated exon) encompassing 10.6 kb of genomic DNA. A construct was generated that allowed conditional elimination of TSPO using the Cre/loxP system (generation of constructs outlined in Fig. 1A) . Bacterial artificial chromosome clones containing the Tspo gene from C57 mice were obtained, and subclones containing Tspo protein-coding exons were modified in two ways. First, loxP sites were inserted into intronic sequence flanking exons 2 and 3, resulting in the elimination of residues encoding the translational start site through amino acid 124 following Cremediated recombination. Second, the neo gene, rendering cells resistant to the antibiotic G418, was inserted between loxP sites and flanked by flippase recognition target (FRT) sites recognized by the FRT recombinase (FLP) from yeast. To generate mice containing this construct, C57 ES cells were cultured using standard conditions and transfected by electroporation with the targeting construct described in Fig. 1A , transfectants were selected by growth in the presence of G418, and surviving ES cells were screened for replacement of the endogenous Tspo gene by PCR analysis and Southern blotting. Male chimeras were subsequently mated with C57 female mice, and all offspring were evaluated for germ line transmission. Several of the males from two targeted ES cell lines were able to pass the modified Tspo gene to progeny. F1 heterozygotes carrying the targeted allele were mated to mice expressing the FLP1 recombinase from yeast driven by a ubiquitous promoter. In this "deleter strain," FLP1 recombinase is constitutively expressed from preimplantation onward, resulting in progeny in which the neo gene has been eliminated. The progeny were tested for the elimination of the neo gene by PCR analysis of genomic DNA (final gene shown in Fig. 1A) , and homozygous lines for Tspo containing loxP sites (Tspo loxP ) were established. Finally, these mice were mated to mice heterozygous for Cre recombinase driven by a hepatocyte-specific Alb promoter. The offspring positive for Cre and homozygous Tspo loxP generate experimental mice with livers lacking Tspo expression (AlbCre;Tspo loxP ) and littermate controls (Tspo loxP ).
We assessed TSPO expression in mitochondria prepared from livers lacking TSPO and control animals by two different methods. First, TSPO protein levels were determined by SDS-PAGE and Western blotting. TSPO expression in control liver mitochondria was not altered by the insertion of loxP sites when compared with C57 liver mitochondria, whereas TSPO was undetectable in AlbCre;Tspo loxP mitochondria; expression of ANT, VDAC, CyPD, PiC, and ATPase subunit ␤ was comparable in the three samples ( Fig. 1B) . Second, binding profiles of the synthetic TSPO ligand, [ 3 H]PK11195, were assessed in control and liver mitochondria lacking TSPO (Fig. 1, C and D) .
[ 3 H]PK11195 bound control mitochondria with an affinity similar to that previously reported (K d ϭ 1.2 nM), but no high affinity binding was apparent in mitochondria lacking TSPO. Given the absence of appreciable TSPO protein, as assessed by Western blotting and ligand binding, we have successfully created mitochondria in which the effects of TSPO on mitochondrial function and on PTP structure and regulation can be effectively examined.
Basic Mitochondrial Properties Are Not Altered in the Absence of TSPO-Mice lacking liver expression of TSPO were phenotypically unremarkable when compared with control mice, with apparently similar viability (mice lacking liver TSPO survive for over 18 months). At a gross level, the morphology of livers lacking TSPO was also not significantly different from controls; nor were the overall characteristics of hepatocytes (data not shown). Transmission electron microscopy analysis revealed no obvious ultrastructural differences in liver mitochondria obtained from control and TSPO-null donors; both possessed a well defined OMM, fingerlike cristae unfoldings, and an electron-dense matrix ( Fig. 2A) . Because TSPO ligands were demonstrated to increase state 4 and decrease state 3 respiration rates, resulting in a decreased respiratory control ratio (63), oxygen consumption rates were assessed in Tspo loxP and AlbCre;Tspo loxP liver mitochondria. Mitochondria lacking TSPO displayed the same rates of basal and ADP-and uncoupler-stimulated respiration as control mitochondria (Fig. 2B) . Mitochondrial membrane potential, assessed on the changes in fluorescence quenching of Rh123, was evaluated in both mitochondrial preparations. Each readily developed a ⌬ of about Ϫ180 mV upon the addition of succinate, and ⌬ could be abolished in each by the uncoupler FCCP (Fig. 2C) .
TSPO Does Not Play a Role in the Regulation of PT-The ability of TSPO-null mitochondria to undergo PT was tested with the sensitive CRC assay. Control mitochondria readily took up a train of Ca 2ϩ pulses (Fig. 3A, trace a) in a process that was sensitive to CsA, as expected (Fig. 3A, trace b) . Mitochondria lacking TSPO exhibited identical responses (Fig. 3B, traces  a and b) , the Ca 2ϩ load required to trigger PTP opening, as well as the desensitizing effect of CsA, being indistinguishable in mitochondria from mice with the two genotypes. We next challenged mitochondria with a variety of endogenous and synthetic TSPO-specific ligands and tested their effect on the CRC. Table 1) , and exactly the same response was observed in TSPO-null mitochondria ( Fig. 3D and Table 1 ). With either genotype, the sensitizing effect could be prevented by 1 M CsA (data not shown). We also tested the well characterized PTP inducers P i , arachidonic acid, PhAsO, and Cu(OP) 2 and obtained superimposable effects irrespective of whether liver mitochondria from Tspo loxP or AlbCre;Tspo loxP mice were used (Fig. 4, A-D) .
The OMM, but Not TSPO, Is Required for PTP Induction by N-Ethylmaleimide-The OMM is required for PTP induction by substituted maleimides in rat liver mitochondria (54) . We confirmed that mouse liver mitochondria readily undergo Ca 2ϩ -dependent swelling after treatment with 0.5 mM N-ethylmaleimide (NEM) and that mitoplasts are completely protected from the PT-inducing effects of NEM (Fig. 5A) . The novel finding is that the NEM-reactive sites are not contributed by TSPO because PT opening could be observed in both Tspo loxP and AlbCre;Tspo loxP mitochondria (Fig. 5B ). We also tested whether TSPO contributes to the inducing effects of Cu(OP) 2 , which acts at IMM site(s) facing the OMM, and PhAsO, which acts at a matrix site (57) . It can be seen that both inducers caused mitochondrial permeabilization irrespective of the presence (Fig. 5 , C and E) or absence of TSPO (Fig. 5, D and F) . The inducing effect of Cu(OP) 2 was prevented by MBM ϩ (Fig.  5, C and D) , which is not transported inside the matrix (55) , and that of PhAsO was expectedly inhibited by CsA (64) (Fig. 5, E  and F) .
TSPO Is Not Required for Porphyrin-mediated Photodynamic Effects on the PTP-We have previously reported that in isolated mitochondria, the PT can be modulated by photooxidative stress following UV-visible light irradiation of PP IX-like dicarboxylic porphyrins associated with mitochondria, resulting in the production of reactive oxygen species (primarily singlet oxygen, 1 O 2 ) (65) . Earlier studies have demonstrated that such photooxidative stress promotes modification of vicinal targets at two critical sites. At one site, low doses of light inactivate the PTP through modification of critical histidines, which in turn causes a drop in the reactivity of matrix-exposed cysteines, probably on the core components of the PTP, stabilizing the pore in a closed conformation (65) . In contrast, at the second site, higher light doses coincide with modification of IMS-exposed cysteines that promote PTP activation (55, 57) . This activation requires the presence of the OMM, given that mitoplasts are refractory to PT activation even after prolonged irradiation (56) . Because porphyrins were reported to be ligands of TSPO (10), we have proposed that PT photoactivation occurs through TSPO (56) . To test this hypothesis, we assessed occurrence of the PT (measured as a decrease of light scattered at 540 nm) in Tspo loxP and AlbCre;Tspo loxP mouse liver mitochondria upon photooxidative stress (Fig. 5 ). Mitochondria of both genotypes were incubated with 0.5 M PP IX (a concentration that per se does not affect the PT (56)) and then loaded with 220 M Ca 2ϩ . As reported previously for both rat and mouse liver mitochondria (57, 65) , irradiation for short times inhibited, whereas irradiation for longer times activated, the PTP. Both photodependent pore inactivation and activation occur with identical kinetics (z scores (60) comparing slopes of inactivation, p ϭ 0.94; activation, p ϭ 0.96) in mice of both genotypes, but activation was shifted to slightly higher irradiation times in the absence of TSPO (i.e. AlbCre;Tspo loxP mitochondria) (Fig. 6 ). These results are at striking variance from mitoplasts (56) in which porphyrin-mediated photoactivation of the PTP was eliminated. Because TSPO has been implicated in porphyrin transport from OMM to IMM (9, 15, 66) , we suspected that the difference in irradiation time between the two genotypes might be explained by different amounts of porphyrin accumulated by mitochondria. This was not the case because identical amounts of porphyrin were accumulated at similar rates and levels in both sets of liver mitochondria ( Table 2 ). These results indicate that under the present experimental conditions (i.e. with micromolar concentrations of PP IX), TSPO is not required for mitochondrial porphyrin uptake; nor is it required for porphyrin-mediated photomodification of critical matrix/IMS cysteines that, when modified, alter PTP activity.
TSPO Deletion Does Not Affect Postischemic Reperfusion in Isolated Hearts-We used a classical protocol of I/R injury in isolated, perfused hearts from mice treated with tamoxifen ( Fig.  7A) , which caused the expected disappearance of TSPO only from heart mitochondria of Myh6Cre/Esr1;Tspo loxP mice (Fig.  7B, top) . Deletion of cardiac TSPO did not significantly affect the extent of tissue necrosis (reflected by LDH release in the coronary effluent) in control animals not treated with tamoxifen and those treated with tamoxifen ( Fig. 7B, bar graph) . Therefore, in intact hearts, TSPO is not involved in I/R-induced tissue necrosis resulting from PTP activation.
DISCUSSION
In this report, we outline the creation and initial characterization of mice in which the Cre/loxP system has been used for the tissue-specific elimination of TSPO, thereby bypassing the embryonic lethality noted when non-conditional elimination was initially attempted (52) . Our goals in these studies were 1) to rigorously test the suggestion that TSPO is a component or a regulator of the mitochondrial PTP (16, 18, 19, 40, 41) ; 2) to assess whether the regulatory properties conferred to the PTP by the OMM (sensitivity to substituted maleimides and photoactivation by porphyrins) (53-56) are mediated by TSPO; and 3) to investigate whether TSPO is involved in heart I/R injury, a condition where the PTP is causally involved.
The idea that TSPO is involved in PTP formation originally stemmed from studies in which the TSPO could be purified in 
Effect of treatment with PK11195, Ro5-4864 and PP IX on the CRC/ CRC 0 of Tspo loxP and AlbCre;Tspo loxP mouse liver mitochondria
Mitochondria (1 mg in 2 ml of assay buffer supplemented with 5 mM succinate plus 1 M rotenone) were incubated as described under "Experimental Procedures" in the presence of the indicated concentrations of TSPO ligands. The CRC was determined using Calcium Green-5N, and data refer to the mean Ϯ S.D. of 4 -6 experiments. association with VDAC and the ANT (40) , which were long considered to be core components of the PTP (38) . This biochemical association evolved into a proposed functional role for TSPO in PTP formation through a variety of studies reporting that both endogenous (e.g. porphyrins) and synthetic TSPO ligands (e.g. PK11195 and Ro5-4864) altered the activity of the PTP (16 -21) . Here, we demonstrate that liver mitochondria prepared from AlbCre;Tspo loxP mice do not express TSPO and totally lack high affinity binding sites for PK11195. When compared with Tspo loxP (control) mice, transmission electron microscopy analysis demonstrated no ultrastructural alterations, and no significant differences in basal or ADP-and uncoupler-stimulated respiration were noted, as were no differences in mitochondrial membrane potential. On the basis of these studies, we conclude that liver mitochondria lacking TSPO function essentially as do control mitochondria. Whether proposed functions of TSPO in cholesterol and heme transport and in steroidogenesis (1) (2) (3) (4) (5) (6) are compensated by mechanisms that we have not addressed here remains to be established. Indeed, recent similar genetic studies have called into question the precise role of TSPO in steroid hormone biogenesis (7) . However, our study of PTP function in TSPO-null mitochondria allowed us to reach specific conclusions concerning the proposed role of TSPO as a component or regulator of the PTP. When the ability of TSPO-null liver mitochondria to undergo the PT was tested by the sensitive CRC assay, the Ca 2ϩ load required to trigger PTP opening, as well as the desensitizing effect of CsA, was indistinguishable from controls. Ro5-4864 and PK11195, archetypical synthetic ligands of TSPO whose affinity for TSPO is in the low nanomolar range, were also tested using this assay. Although each synthetic compound lowered the CRC of control mitochondria, the same response was observed in TSPO-null mitochondria, which totally lacked high affinity PK11195 binding sites. Thus, PTP sensitization to Ca 2ϩ by "TSPO ligands" cannot be mediated by TSPO. This conclusion is significant because TSPO has been implicated in many pathological conditions, including uncontrolled cellular proliferation as occurs on oncogenic transformation, inflammation, and neurodegeneration (among others), primarily through modulation of each process in the presence of high concentrations (micromolar) of "TSPO-specific" ligands (20) . This also applies to myocardial ischemia, where involvement of TSPO has been investigated only through pharmacological approaches without demonstrating the absolute specificity of the compounds tested (67) . The PT is causally involved in I/R injury of the heart (61, 68) , as is also shown by the cardioprotection afforded by CyPD deletion or inhibition not only in experimental models (48, 50, 61, 68) but also in a clinical setting (69) . The lack of effect of TSPO ablation on heart I/R injury further calls into question the normal role of TSPO in disease processes as defined by the use of "TSPO-selective" drugs.
Ligand
It appears reasonable to conclude that effects mediated by "TSPO ligands" may rather be due to interactions with other targets (20) , and a prominent candidate is the mitochondrial F 0 F 1 -ATP synthase (37, 66, 70 -72) . Indeed, the ensemble of our current results indicates that the PTP is formed by a unique Ca 2ϩ -dependent conformation of dimers of the ATP synthase (37) . For example, these studies have identified the site of Bz-423 binding on the OSCP subunit of this complex. Bz-423 both promotes PTP opening (37) and inhibits the F 0 F 1 -ATP synthase (66, 72) . Moreover, many "TSPO ligands" also bind to and inhibit the mitochondrial F O F 1 -ATP synthase (66, 70 -72) , and this interaction probably best explains their effects in cell death and autophagy (73) through an inducing effect on PTP formation by ATP synthase dimers (37) . Thus, our current picture calls for a reassessment of the mechanisms through which "TSPO ligands," including PP IX (16) , affect cell function and viability, which may be due to an effect on ATP synthase both through inhibition of ATP synthesis (70, 72) and through its transition to the PTP conformation (37, 38) .
TSPO was originally identified by its ability to bind benzodiazepines with a distinct pharmacological profile from the benzodiazepine target in the central nervous system, GABA receptors (8, 9) . In the search for endogenous ligands for this receptor, porphyrins were identified as being able to displace PK11195 from TSPO at nanomolar concentrations (10, 74). Based on these studies, naturally occurring dicarboxylic porphyrins, such as PP IX, other heme precursors, and heme itself have been considered endogenous ligands for TSPO (10) . Our results, however, indicate that TSPO-null mitochondria accumulate porphyrins to similar extents as control mitochondria, suggesting either that porphyrin diffusion across the OMM does not require a specific transport protein or that such diffusion requires a protein that could coincide with Abcb6, an ATPbinding cassette transporter of the OMM (75). These results call into question our suggestion that PTP photoactivation mediated by porphyrins, which strictly requires an intact OMM, is mediated by TSPO (55) (56) (57) , as discussed below.
The PT is an inner membrane event because mitoplasts (i.e. mitochondria stripped of the OMM) can readily undergo Ca 2ϩdependent PTP opening (56) , yet the OMM is required for PTP induction in at least two paradigms (i.e. treatment with relatively high concentrations of substituted maleimides (54) and photosensitization (at high light doses) in the presence of porphyrins (55) (56) (57) ). The sensitizing effect of the OMM is striking because mitoplasts become refractory to NEM (this work) and to other substituted maleimides (54) as well as to PTP opening by porphyrins plus visible light (56, 57) , which activate the PTP through the OMM (55, 76) . Photoactivation is not substantially affected by the absence of TSPO (this work), and the reactivity of the critical sites responsible for PTP inactivation and activation is only slightly modified in the absence of TSPO. Thus, any differences might be attributed to subtle structural differences in relevant proteins in the absence of TSPO that might modify the reactivity of critical residues. We must conclude, however, that the PTP-inducing effects of both porphyrin-dependent photoirradiation and NEM treatment depend on the OMM but not on TSPO and that the detailed mechanisms through which the OMM affects induction of the PTP remain to be established. In addition, we cannot exclude the possibility that any differences between those reported here and earlier studies might be due to species differences because most earlier work on the porphyrin-mediated photodynamic effect on the PTP was performed on rat liver mitochondria, whereas the current studies have used mouse mitochondria.
The vast majority of F O F 1 -ATP synthase dimers, which mediate PTP formation (37) , are located in long rows of oligomers deep inside cristae (77) (78) (79) (80) (81) (82) , where contact with the OMM cannot occur. In principle, the PTP could form in a small population of dimers facing the IMS, where direct contact with the OMM is theoretically possible. We think that this possibility is not likely because the interaction should occur with F O , the membrane-embedded rotor of ATP synthase. We currently favor the idea that the OMM controls the diffusion of PTPregulating species, including porphyrins, metabolites, and ions, including Ca 2ϩ itself (83, 84) , in a process that could be greatly favored by cristae remodeling (85) . Alternatively, OMM effects on PTP activation may in part be due to mitochondrial structural reorganizations required for PTP formation that have yet to be appreciated and defined.
In summary, our results demonstrate that any effects on the activity of the PTP attributed to TSPO and to endogenous or synthetic ligands of TSPO must be due to their action at a yet to be defined site(s). In addition, porphyrin-mediated photoregulation of PTP activity must also be due to a currently unknown site, and TSPO cannot be responsible for mitochondrial accumulation of porphyrins. Most significantly, the results presented here invalidate any model of the PTP invoking a complex between VDAC, the ANT, and TSPO (39), including the most recent iterations (86) . Indeed, the biochemical associations that led to these models have been conclusively demonstrated to be associations that may exist in mitochondria but play no structural role in the PTP complex because genetic analysis in each case has demonstrated that PTP activity is still FIGURE 7 . Effect of ischemia/reperfusion on LDH release in hearts from Tspo loxP and Myh6Cre/Esr1;Tspo loxP mice. A, tamoxifen was administered to mice as indicated, followed by sacrifice and heart isolation 3 days after the last tamoxifen injection. B, top, Western blot analysis of heart homogenates prepared from Myh6Cre/Esr1;Tspo loxP mice treated with vehicle (lanes 1 and 2) or tamoxifen (lanes 3 and 4) ; each lane refers to one mouse. Bottom, LDH activity released in the coronary effluent during postischemic reperfusion (percentage of total LDH). Values are mean Ϯ S.D. (error bars) of six independent experiments.
TABLE 2 Accumulation of porphyrins by Tspo loxP and AlbCre;Tspo loxP mouse liver mitochondria
Mitochondria (1 mg in 2 ml of assay buffer supplemented with 5 mM succinate plus 1 M rotenone) were incubated as described under "Experimental Procedures" in the presence of the indicated amounts of porphyrins. Porphyrin accumulation was determined spectrofluorimetrically, and data refer to the mean Ϯ S.D. of three independent experiments performed in duplicate. present in mitochondria prepared from animals in which each protein has been eliminated (38) . Combining our results with other recently published studies (7) , we suggest that the role of TSPO-dependent mitochondrial processes remains to be established.
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